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Abstract—New nanostructured Pt/(SnO,/C)-electrocatalyst (20 wt % Pt) is synthesized via platinum chem-
ical deposited onto composite SnO,/C-support microparticles (4 wt % Sn). The composite support was pre-
pared beforehand using unique method of the tin electrochemical deposition onto disperse carbon black par-
ticles. It was shown by X-ray diffraction and transmission electron microscopy that the platinum and tin oxide
nanoparticles distributed over the carbon surface are sized 2.4 and 2.9 nm, respectively. Electrochemical
measurements showed the obtained catalyst to approach the commercial Pt/C HiSPEC 3000 catalyst
(20 wt % Pt) with respect to its mass-activity in the oxygen electroreduction reaction and to be superior thereto
as for the electrochemically active surface area, stability in stress test, and activity in methanol electrooxidation
reaction. The peculiarities in electrochemical behavior of the synthesized Pt/(SnO,/C)-electrocatalyst can be
explained by the SnO, nanoparticle effect on the platinum nanoparticle nucleation/growth, as well as presence
of Pt—SnO,—C triple junction nanostructure at the surface. The Pt/SnO, contact provides stable platinum-to-
support adhesion and asserts bifunctional catalysis mechanism of the methanol electrooxidation. And the Pt/C
junctions provide for electron supplying/retraction to or from the platinum nanoparticles.

Keywords: fuel cell, Pt/SnO,/C-electrocatalyst, Pt-nanoparticles, durability, non-carbon support, oxygen

electroreduction reaction
DOI: 10.1134/S1023193519070097

INTRODUCTION

Low-temperature polymer-membrane-based fuel
cells are perspective power generation plants owing to
their high effectiveness in the chemical-to-electrical
energy conversion, autonomy, and low air pollution
[1—3]. Platinum-containing materials are the most
commonly used electrocatalysts in the low-tempera-
ture fuel cells. Unfortunately, the platinum high price
and limited abundance restrict the platinum-contain-
ing material usage significantly [4—7]. And this calls
for the activity in the developing of new catalytically
active materials for the low-temperature fuel cells, as
well as the improving of existing ones.

Of particular importance is search for the catalysts
combining high activity toward oxygen (elec-
tro)reduction reaction (ORR) and stability [8, 9]
because kinetic difficulties in the ORR lower the low-
temperature fuel cell voltage significantly, and oxygen
per se and its reduction intermediate products lead to
the catalyst degradation. Nowadays, some suggestions
are at hand, which allow lowering the Pt content in the
catalyst, increasing its activity in the ORR and stability
[10]. For example, effective catalysts were prepared by
Pt doping with transition d-metals [11, 12] and metal
oxides substitution for carbonaceous support [13—17].
The oxide materials serving as more stable alternative

to carbonaceous supports can increase the catalytic
activity as a result of electronic interaction with the
deposited platinum nanoparticles [14, 18—23]. Tin
dioxide (SnQ,) is extensively studied more recently as
a perspective non-carbon support [24—27]. Unfortu-
nately, low electron conductivity of the material
restricts from its application as a support. Addition-
ally, it is not clear how a high-porosity catalytic layer
of the Pt/SnO,-catalyst in membrane electrode
assembly (MEA) can be realized. In this connection,
of great interest are SnO,-based composite systems
containing porous electron-conducting phase: carbon
black [28, 29], carbon nanotubes [30] etc. SnO, parti-
cles in composition with carbon were shown [24—26,
31, 32] to be able increasing Pt electrocatalytical activ-
ity in ORR because of electronic interaction between
Pt and SnO,, which arises due to formation of triple-
junction structures: Pt—SnO,—C. Strengthening of
the platinum nanoparticles’ adhesion to the support
caused by their strong interaction with SnO,-
nanoparticles increases the Pt/(SnO,/C)-catalyst sta-
bility significantly in rapid stress-tests as compared
with the Pt/C-analog [32].

Most methods of the tin oxide nanoparticle depo-
sition onto carbon support surface are based on the tin
compound hydrolysis reaction [31, 33]. Electrochem-
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ical methods of the SnO,/C-materials production can
be rather perspective because they allow controlling
surface morphology and the obtained product purity.
In particular, tin oxide was prepared by the tin metal
electrochemical dispersing under the conditions of
industrial-frequency alternative current application
[34, 35]. Tin particles formed during the electrode
sputtering precipitated on the carbon surface and were
spontaneously oxidized to SnO,. As a result, the
obtained composites contained tin dioxide nanoparti-
cles sized 15—20 nm. Subsequent platinum deposition
onto the composition support particles allowed
obtaining Pt/(SnO, + C)-catalyst whose highest
activity in the CO oxidation reaction was observed at a
minor (2—5 wt %) SnO, content. Part of the platinum
nanoparticles anchored at larger tin dioxide nanopar-
ticles is likely to be electrically isolated; on this reason,
increase of tin dioxide fraction in the material over 5%
has a negative effect on the catalyst activity in the
methanol and CO electrooxidation reactions. The
platinum activity increase in the presence of SnO, was
explained [34, 35] by the electrocatalysis bifunctional
mechanism: hydroxyl groups adsorbed at SnO, surface
facilitate oxidation of the CO molecules adsorbed at
the platinum nanoparticles surface.

In view of the above, inference should be drawn
that the two-component SnO,/C-supports are very
perspective in the producing of deposited platinum
electrocatalysts under the conditions of the platinum
nanoparticles anchoring at the tin dioxide/carbon
interface. By contrast, the platinum anchoring at the
SnO, surface in the absence of electrical contact with
carbon can lead to their deactivation in the electroca-
talysis.

The present work is based on the following hypoth-
esis: the using of the composite SnO,/C-support con-
taining tin dioxide as small-sized nanoparticles for the
subsequent platinum nanoparticles deposition allows
obtaining three-phase Pt/(SnO,/C)-electrocatalysts
in which, on the one hand, electron supply-
ing/removal to or from the platinum nanoparticles is
provided; on the other hand, a great part of the plati-
num nanoparticles contacts the tin dioxide nanoparti-
cles directly. This work aims at the obtaining of such a
material by original method of electrodeposition,
studying of its based platinum-containing catalyst
electrochemical behavior in ORR and the methanol
electrooxidation reaction, as compared with the com-
mercial Pt/C-catalyst.

EXPERIMENTAL
Synthesis of Sn0,/C

The SnO,/C-materials were prepared by original
procedure. The two-electrode electrochemical cell
was filled with a disperse carbon material suspension
based on tin(1I) chloride solution. The suspension was
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obtained by the mixing of Vulcan XC72 carbon black
(Cabot Corporation, USA; the specific surface area
270 m? g~'") with 1 M tin(II) chloride solution (reagent
grade) prepared on the basis of 1 M H,SO,. The mix-
ture was dispersed in a Sonics ultrasonic homogenizer
for 2 min; then, it was continuously stirred with a mag-
netic stirrer to keep it homogeneous. Electrodes were
immersed into the suspension. The cathode was cop-
per wire with the working surface area of 0.5 cm?; the
anode, a graphite rod. The electrolysis was carried
out under the suspension intense stirring, by passing
dc of 9 A.

The carbon microparticles, touching the cathode
in the process of stirring, actually became its part. Tin
ions were electroreduced at the microparticles, form-
ing nanosized tin crystals. During the electrolysis,
great number of the carbon support repeatedly
touched the stationary cathode; on this reason, the tin
particles nucleation/growth processes occurs at their
surface. constant renewal of the carbon nanoparticles
in the electron-conducting near-cathode layer caused
by the forced convection resulted in a more-or-less
uniform distribution of the electrodeposited tin over
the carbon support microparticles’ surface (see the
“Results and Discussion” section). Apparently, the tin
nanoparticles were partly oxidized by dissolved oxygen
right in the process of preparation, thus converting to
tin(IV) oxide particles.

Upon completion of the electrolysis the suspension
was filtered, the precipitate was repeatedly washed by
twice distilled water up to the achieving of the neutral
reaction of the medium and dried in a drying oven at
80°C within 24 h. Tin nanoparticles deposited onto
the carbon support and remained unoxidized now
became oxidized in the process of filtering and drying
thus forming tin dioxide nanoparticles.

The Vulcan XC72 carbon support suspension was
subjected to similar treatment in 1 M H,SO, solution
by passing dc of 9 A. Pt/C-catalyst obtained after the
platinum deposition onto this carbon support was used
as a reference.

Preparation of Pt/(Sn0O,/C) and Pt/C

The Pt/(SnO,/C)- and Pt/C-catalysts were syn-
thesized by H,PtClg chemical reduction from liquid
phase as described in [36], in suspension containing
carbon or the composite SnO,/C-support particles.
The calculated Pt mass fraction in Pt/(SnO,/C) is
20%. To this purpose, the powdered support obtained
upon completing the electrolysis was put to 20 mL of
ethylene glycol, then added the required amount of
H,[PtClg] - 6H,0. Thus obtained suspension was
homogenized using ultrasound, then consecutively
added 0.5 mL of 37% HCOH and 1 M NaOH solution
in a water—ethylene glycol mixture (1 : 1) up to the
achieving of pH 11. After a 2-h exposure to a tempera-
ture of 90°C and spontaneous cooling of the stirred
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suspension it was added with 20 mL of 1 M NacCl, a
sedimentation agent.

In 30 min the mixture was filtered through a Buch-
ner funnel, washed 5—6 times by twice distilled water
and ethanol, and then dried at 80°C.

Research Methods

To determine the composition of the SnO,/C-,
Pt/C-, and Pt/(SnO,/C)-materials and detect tin
dioxide and platinum crystallites therein we used
X-ray diffraction and thermogravimetric analysis.
Powder X-ray diffraction patterns of the metal- and
carbon-oxide-materials were registered with an ARL
X’TRA automatic diffractometer (Thermo Fisher Sci-
entific, Switzerland) (Bragg—Brentano geometry,
radius 260 mm, vertical theta—theta goniometer)
using a copper K, -radiation (A = 1.5418 A). Typical
operation characteristics: 40 kV, 30 mA, sampling
interval 0.02 degree. The sample rate was varied from
2 deg/min (in the routine X-ray diffraction analyses)
to 0.5 deg/min (in the refining of the structure
details). Standard polycrystalline o-quartz plate
served as a calibration standard.

The obtained diffraction patterns were used in the
tin dioxide and platinum detection in the materials, as
well as determining of the crystallite average size
(diameter) of both platinum [by using the (111) reflex-
ion] and tin dioxide [by using the (101) peak]. The
D value was calculated by the Scherrer formula to which
the full width at half maximum for the corresponding
peak was substituted: D = KA/(FWHMcos0), where
Ais the monochromatic radiation wavelength (A),
FWHM is the full width at half maximum (radians),
D is the crystallite average size (nm), 0 is the reflection
angle, K= 0.89 is the Scherrer constant.

The tin dioxide ®(Sn0O,) and platinum mass frac-
tions in Sn0O,/C and Pt/(Sn0O,/C) were determined by
using thermogravimetric method from the residual
mass of SnO, or (Pt + Sn0O,) after burning down of
carbon (800°C, 40 min).

The platinum-to-tin ratio in the studied materials
was determined by X-ray fluorescence analysis using
an ARL OPTIM’X spectrometer (Thermo Fisher Sci-
entific, Switzerland).

To measure the electrochemical active platinum
surface area we used cyclic voltammetry. Thin layer of
platinum-containing material was applied to end face
of rotating disc electrode. To this purpose, 6 UL of the
Pt/(SnO,/C)- or Pt/C-containing suspension and
Nafion polymer additive applied to end face of glassy
carbon disc electrode. After drying, to fasten the pow-
der porous layer, another 7 uL of 0.05% Nafion solu-
tion in isopropanol was deposited, and then the elec-
trode was dried for 15 min at room temperature. An
AFCBPI1 potentiostat (Pine Applied Instrumentation,
USA) was used in the imposing of the potential scan-
ning and the current recording.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 55

NOVOMLINSKIY et al.

Initially, to standardize the Pt surface and fully
remove impurities, 100 cycles of the potential scan-
ning was applied in the potential interval from Oto 1 V
at a rate of 200 mV s~'. Then, two cyclic voltammo-
grams were registered over the potential interval from
0.03 to 1.20 V at a potential scan rate of 20 mV s~!. Fur-
ther, from the charge consumed in the atomic hydro-
gen electrochemical adsorption and desorption in the
2nd cyclic voltammogram we calculated the electro-
chemical active surface area, as described earlier [37].
An Ag/AgCl/KCl-electrode served as a reference elec-
trode. Below, all potential values will be given against
reversible hydrogen electrode (RHE).

In the calculating of the electrochemical active
platinum surface area from from the charge consumed
in the chemisorbed CO monolayer oxidation, we
passed CO through the solution at the potential of
0.45V for 20 min; then argon, for 30 min. Subse-
quently, two cyclic voltammograms were recorded in
the potential interval from 0.03 to 1.20 V at a potential
scan rate of 20 mV s~

To evaluate the catalyst activity in ORR, a series of
voltammograms were recorded with linear potential
scanning in the potential interval from 0.02 to 1.2 V at
a potential scan rate of 20 mV s~! and the disc elec-
trode rotation velocity of 400, 900, 1600, and
2500 rpm. The potential (£) values were corrected for
the Ohmic voltage loss in the cell by the following for-
mula: £= E,, — iR, where E,, is the registered poten-
tial value (V), i is the current at this potential (A), R is
the electrolyte resistance (€2). The measured electro-
lyte resistance is 25 Q, which corresponds well to the
literature data [38]. Additionally, we subtracted the
background curve measured in the Ar-saturated elec-
trolyte, as it was described earlier [39]. The kinetic
current and the number of electrons participating in
the reaction were calculated by the Koutecky—Levich
equation [40]:

1fi =i +1/iy =1/i, +1/ Z6",
7 =0.620FD vV,

where i is the current to the disc electrode (A cm™2);
i, is the kinetic current (A cm™2); iy is the diffusion
current (A cm™?); o is the disc electrode rotation
velocity (rad s™!'); n is the number of electrons partici-
pating in the oxygen molecule electroreduction reac-
tion; Fis the Faraday constant (C mol~!); D is the dif-
fusion coefTicient (cm? s7!); v is the electrolyte kine-
matic viscosity (cm? s~!); and ¢ is the oxygen
concentration in the solution (mol cm™3).

To evaluate the catalyst stability, we used the vol-
tammetric cycling method, which was applied in the
three-clectrode cell over the potential range from
0.6 to 1.4 V at a potential scan rate of 100 mV/s. The
cycling was carried out in 0.1 M HCIO, solution in Ar
atmosphere at 25°C for 2000 cycles; after each
100 cycles, two cyclic voltammograms were recorded
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at a potential scan rate of 20 mV/s over the potential
range from —0.03 to 1.20 V. The 2nd cyclic voltammo-
gram was used in the calculating of the surface area (.5)
according to the procedure described earlier. The sta-
bility was evaluated by changes in the S;/S, ratio,
where j is the number of the stress-test cycles, as well
as by the 5400/, value.

The catalyst activity in the methanol oxidation
reaction was evaluated by using cyclic voltammetry
and potentiostatic chronoamperometry methods (£ =
0.8 V) in the electrolyte containing 0.5 M CH;OH in
0.1 M HCIO, as supporting solution.

Transmission electron microscopy (TEM)-micro-
photographs were obtained using a JEM-2100 micro-
scope (JEOL, Japan) working at a voltage of 200 kV;
the resolving power was 0.2 nm. To perform the mea-
surements, 0.5 mg of Pt/C was put into 1 mL of iso-
propanol and dispersed by ultrasound. A drop of the
suspension was applied to copper mesh coated with
amorphous carbon layer, and dried in air at room tem-
perature for 20 min.

RESULTS AND DISCUSSION

The tin electrodeposition onto carbon black micro-
particles gave SnO,/C-materials with the tin mass
fraction from 4 to 40 wt %. The X-ray diffraction anal-
ysis of the materials confirmed the presence of therein
(Fig. 1). The increase of the SnO, mass fraction in the
material results in the increase of intensity of the peaks
characteristic of the tin(IV) oxide (Fig. 1). The X-ray
diffraction pattern of the sample containing 40 wt % of
SnO, also shows narrow peaks that point to the pres-
ence of the tin crystalline phase that in all probability
has been fallen down from the cathode surface.

The tin oxide scanning-electron-microscopy-
examination was carried out with the SnO,/C sample
containing 40 wt % of tin oxide.

Analysis of the images (Fig. 2) showed that the tin
electrocrystallization and the nanocrystal subsequent
oxidation resulted in the formation of tin dioxide
nanoparticles on the carbonaceous support surface,
which are well uniformly distributed over the carbon
microparticles’ surface. Their average size is approxi-
mately 2.9 nm. Thus, the method of tin electrocrystal-
lization on carbon particles in their suspension, devel-
oped by us for the SnO,/C-material preparation allows
obtaining tin dioxide nanoparticles of lesser size than
the earlier described synthetic methods [31, 32, 34, 35].

When examining cyclic voltammograms of the
Sn0O,/C-materials, we did not detect any Faradaic
processes involving oxidation of the tin metal residue
or Sn(IV) reduction. The main difference in the cyclic
voltammograms, observed when passing from a car-
bon electrode (Fig. 3a) to the oxide—carbon one
(Fig. 3b) is the increase of absolute value of the current
at the oxide—carbon material. Apparently, in the pres-
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Fig. 1. X-ray diffraction patterns of the Vulcan XC72 car-
bon black support and SnO,/C-materials with different tin
oxide mass fraction (4—40 wt %).

ence of the SnO, nanoparticles at the carbon micro-
particles surface leads to increase of the material full
surface area; as a result, larger charge is consumed in
the processes of the electrical double layer charging—
discharging.

Flat maximums in the potential range from 0.5 to
0.8 V (Fig. 3b) are characteristic of interconversion in
the quinone/hydroquinone system [41, 42]. They are
due to the carbonaceous support surface oxidation
during the tin electrolytic deposition. In the course of
the composite electrolytic production, tin is deposited
onto cathode-contacting carbon black particles, thus
forming the nanoparticles. The tin nanoparticles,
which are thermodynamically unstable in the solution,
are oxidized to tin dioxide. When the Sn/C and
Sn0O,/C particles touch the anode we have either the
tin anodic dissolution (when and if the metal nanopar-
ticles not yet have converted to oxide nanoparticles) or
the carbon surface fragments oxidation (quinone
group formation).

Because the electronic conductivity of SnO, is very
low and the SnO, nanoparticles are predominantly
localized at the carbon black surface, rather than in its
microparticle pores, in the preparation of the depos-
ited platinum catalyst we used composite support
sample containing 4 wt % of tin oxide. When choosing
the composition, we also took the results of works
[34, 35] into account; they were briefly described in
the “Introduction” section. The X-ray diffraction
analysis of the prepared Pt/(SnO,/C)-material con-
firmed the presence of platinum phase therein
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Fig. 2. Transmission electron microscopy. TEM-microphotograph of SnO,/C-material surface fragment (a) and histogram of the
SnO, nanoparticles distributionin in size (b). SnO, mass fraction 40%.

(Fig. 4), with the crystallites sized 2.4 nm on the aver-
age. We note that tin dioxide wide reflexions are prac-
tically imperceptible in the X-ray diffraction patterns
at a platinum background because of the tin dioxide
low content in the catalyst.

1, pA (a)
100

60
20
—20

I, pA (b)

—300 1 1 1 1

0 02 04 06 08 1.0 12
E,V (RHE)

Fig. 3. Cyclic voltammograms during Vulcan XC72 (a) and
SnO,/C (b) pre-treatment.
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Nonetheless, the comparison of the surface frag-
ments microphotographs for the SnO,/C- (Fig. 2) and
Pt/(Sn0O,/C)-materials (Fig. 5a) allows detecting both
platinum and tin dioxide nanoparticles. The SnO,
presence at the catalyst surface is also confirmed by
the results of the energy dispersive X-ray spectroscopy
(Fig. 5c). The copper reflexions in the spectrum are
due to the usage of the copper mesh in the procedure
of the catalyst examination (see the “Research Meth-

Intensity
A

20 40 60 80
20, deg

Fig. 4. X-ray diffraction pattern of Pt/(SnO,/C) sample
containing 20 wt % Pt.
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Fig. 5. TEM-microphotograph of Pt/(SnO,/C) surface fragment (a); STEM-microphotograph of Pt/(SnO,/C) surface (b);
results of energy dispersive transmission electron microscopy analysis (c) and histogram of the platinum nanoparticles distribu-

tionin over support surface (d) in Pt/(SnO,/C)-material.

ods” section). The data obtained in STEM-mode
(Fig. 5b) evidence uniform platinum nanoparticles’
distribution over the catalyst surface. The nanoparti-
cles’ average size is 2.3 nm (Fig. 5d). Considerable part
of the platinum nanoparticles contact both carbon and
the tin oxide nanoparticles, that is, it is involved in the
triple-junction zone formation.

X-ray diffraction analysis of the carbon-support-
based Pt/C-catalyst treated undern similar conditions
revealed platinum characteristic reflexions. The plati-
num crystallite average size calculated from the
111 reflexion half-width by using the Scherrer equa-
tion is 1.6 nm.

The electrochemically active surface area was cal-
culated from cyclic voltammograms recorded at the
pre-treated Pt/(SnO,/C)-electrode (see the “Experi-

mental” section). It came to ~118 = 12 m? g~!, which
exceeds the value for the commercial Pt/C-catalyst
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HiSPEC 3000 and the Pt/C-catalyst we prepared
under similar conditions (~93 + 9 and 101 + 10 m? g7/,
respectively). The high value of the Pt/(SnO,/C)-cat-
alyst electrochemically active surface area is due, to
our view, to the combination of the nanoparticles’
small size and their weak agglomeration (or, what is
the same, uniform spatial distribution). Also, it is not
unthinkable that the presence in the triple-junction
zone of certain number of small-sized (less thanl nm)
less crystalline platinum nanoparticles not detectable
by the X-ray diffraction analysis and TEM methods.
The electrochemically active surface area calculations
by the charge consumed in the adsorbed CO oxidation
confirmed that calculated by the charge consumed in
the hydrogen adsorption and desorption (Fig. 6a).
And this allows ruling out the version on the SnO,
direct participation in any electrochemical reactions
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Fig. 6. Cyclic voltammograms of catalysts in Ar atmo-
sphere (a) and voltammograms of oxygen electroreduction
reaction (b).

that occur over the potential interval from 0 to 0.4 V
(RHE).

The Pt/(Sn0O,/C) activity in the ORR approaches
that of the commercial analog (Fig. 6b ): at the same
half-wave potential equal to 0.90 V the kinetic current
values for Pt/(SnO,/C) and HiSPEC 3000 were 153
and 187 A/g(Pt), respectively. At that, the kinetic cur-
rent value calculated for the “home made” Pt/C
appeared being noticeably lower than that for the
Pt/(Sn0O,/C)-catalyst: 95 A/g(Pt). Taking into con-
sideration literature data [43], one may suppose that
the larger electrochemically active surface area of the
Pt/(Sn0O,/C)-material, as compared with that of the
commercial Pt/C, does not lead to its larger mass-
activity in ORR, because of larger fraction of the
small-sized (2 nm and less) nanoparticles whose sur-
face has lower specific activity [44]. At that, the com-
posite-support-based catalyst shows a noticeably
higher specific kinetic current (1.30 A/m?) as com-
pared with that of the Pt/C on the basis of pre-treated
carbon (1.02 A/m?), which evidences, even if indi-
rectly, a tin dioxide positive effect on the platinum
nanoparticles’ activity.

In stress-tests carried out over the potential range
from 0.6 to 1.4 V (which corresponds to the so-called
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Fig. 7. Measurement of electrochemically active platinum
surface area in the course of voltammetric stress-testing.
Potential interval 0.6—1.4 V, potential scan rate 20 mV/s.
Electrolyte: 0.1 M HCIOy solution, Ar-saturated at atmo-
spheric pressure.

support protocol) the Pt/(SnO,/C)-catalyst demon-
strated higher values of specific stability than the
Pt/C-analogs (Fig. 7). The degradation degree
of Pt/(Sn0O,/C), Pt/C, and HiSPEC3000 after
2000 cycles came to 80, 86, and 88%, respectively. It is
known that the platinum—carbon electrocatalysts deg-
radation during their testing in the 0.6—1.4 V potential
range is mainly due to the carbon support oxidation in
the spots of its contacting platinum nanoparticles,
which catalyzed the oxidation process [11, 44]. The
positive effect from even small amount (~4%) of tin
dioxide on the catalyst stability against the degrada-
tion can be induced both by the platinum strong adhe-
sion to the support surface in spots of three-phase con-
tact Pt/(Sn0O,/C) and the carbon degradation deceler-
ation in these spots. This result correlates well with the
data of work [32] on a SnO, positive effect on the
deposited platinum electrocatalyst stability under
milder conditions of stress-testing.

In the light of literature data on a tin dioxide posi-
tive effect on the methanol electrooxidation reaction
rate on platinum [35], we expected higher activity of
SnO,-containing catalysts when studying the reaction.
Indeed, the methanol electrooxidation reaction maxi-
mal current in the direct and reverse voltammograms,
as well as areas under the corresponding maximums
appeared being noticeably larger for the Pt/(SnO,/C)-
catalyst than for Pt/C-analogs (Fig. 8c). When the
methanol electrooxidation reaction was carried out in
chronoamperometric mode at £ = 0.8 V, the oxide-
containing catalyst also demonstrated larger reaction
rate throughout the measurements (Fig. 8a), which
may be connected to the higher platinum surface area
in the oxide-containing sample. The comparison of
specific characteristics (Fig. 8b) shows that the
Pt/(Sn0O,/C)-catalyst activity in the methanol elec-
trooxidation reaction at 0.80 V decreased slower than
the commercial sample activity. This may evidence
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Table 1. Comparison of the catalyst’s electrochemically active surface area and half-wave potentials in B ORR prior to and

after stress-tests

Electrochemically active surface area, m?/g(Pt) E,,V
Catalyst
prior to after prior to after
Pt/(SnO, + C) 118 23 0.90 0.75
HiSPEC 3000 93 11 0.90 0.67
Pt/C 101 14 0.90 0.79

both the specificity of the platinum oxidation in
Pt/(Sn0O,/C) and its higher stability against poisoning
with the methanol oxidation products [45]. The cur-

I, A/g(Pt) (@)
400

300
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Il Il Il
0 500 1000 1500 1,8

1, A/m2(Pt) (b)
4 -
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Fig. 8. Chronoamperogram recorded at £ = 0.8 V (a, b)
and cyclic voltammogram (c) of methanol oxidation reac-
tion carried out at the studied electrocatalysts.
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rent decrease on the pretreated-carbon-based Pt/C-
catalyst occurs much faster. At comparable initial cur-
rent values, the chronoamperogram final current for
Pt/C is less than that for Pt/(SnO,/C) by a factor
of ~4.

CONCLUSIONS

Tin nanoparticles capable of being spontaneously
oxidized to SnO, by solution components and air oxy-
gen were formed at the surface of disperse carbon sup-
port particles by using the method of electrodeposi-
tion. As a result, the composite SnO,/C-materials con-
taining 4 to 40% of tin dioxide as uniformly distributed
small-sized nanoparticles with the average diameter of
~2.9 nm are obtained. Deposited Pt/(SnO,/C)-elec-
trocatalyst was prepared by chemical reduction of
Pt(IV) in SnO,/C-suspension based on the material
containing 4 wt % SnQO,.

Because the platinum and SnO, nanoparticles are
close in size, the electrical insulation of sorbed plati-
num nanoparticles from carbon ones is hampered,
which favors formation of Pt—SnO,—C triple-junction
zones in the obtained Pt/(Sn0O,/C)-catalyst contain-
ing about 20 wt % Pt. At the platinum nanoparticles’
average size of 2.3 nm its electrochemically active sur-
face area comes to ~118 &+ 12 m?/g(Pt)). Thus synthe-
sized Pt/(SnO,/C)-catalyst demonstrated larger
mass-activity in ORR and higher corrosion-morpho-
logical stability under the conditions of voltammetric
cycling over the potential range from 0.6 to 1.4 V as
compared with the Pt/C-material prepared under
similar conditions. It is also well superior to Pt/C-ana-
logs in its mass-activity in the methanol electrooxida-
tion reaction. The special features of the
Pt/(Sn0O,/C)-catalyst electrochemical behavior can
be due to the presence on its surface of great deal of
platinum nanoparticles simultaneously contacting
both with tin dioxide and carbon. Stronger adhesion of
such nanoparticles to the composite support surface
can hamper platinum degradation in the stress-test-
ing, and the Pt/SnO, contact gives rise to bifunctional
catalysis mechanism in the methanol electrooxidation
reaction. One more important factor affecting the
Pt/(Sn0O,/C)-catalyst electrochemical behavior spe-
cial features can be tin dioxide nanoparticle effect on
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the platinum nanoparticles nucleation/growth pro-
cesses during the catalyst synthesis and, as a conse-
quence, their more uniform spatial distribution, as
well as the presence of poorly identified very small
sized nanoparticles (less than 1 nm). These factors as
often as not can provide high platinum electrochemi-
cally active surface area, which we have determined
from atomic hydrogen and CO electrochemical
desorption.

Note that the tin dioxide nanoparticles’ effect on
the platinum catalyst characteristics manifests itself
even at its small content in the composite. Taking into
account possible favorable effect of the Pt/SnO, con-
tact on the catalyst functional characteristics and the
negative role of the low electron conductivity of tin
dioxide per se, we believe that systematic studies of the
SnO, content on the Pt/(SnO,/C)-catalyst electro-
chemical behavior can be fruitful path in optimization
of their composition.
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